The genetic architecture of hybrid fitness characters can provide valuable insights into the nature and evolution of postzygotic reproductive barriers in diverged species. We determined the genome-wide distribution of barriers to introgression in an F 1 hybrid of two Eucalyptus tree species, Eucalyptus grandis (W. Hill ex Maiden.) and E. globulus (Labill.). Two interspecific backcross families (N ϭ 186) were used to construct comparative, single-tree, genetic linkage maps of an F 1 hybrid individual and two backcross parents. A total of 1354 testcross AFLP marker loci were evaluated in the three parental maps and a substantial proportion (27.7% average) exhibited transmission ratio distortion (␣ ϭ 0.05). The distorted markers were located in distinct regions of the parental maps and marker alleles within each region were all biased toward either of the two parental species. We used a Bayesian approach to estimate the position and effect of transmission ratio distorting loci (TRDLs) in the distorted regions of each parental linkage map. The relative viability of TRDL alleles ranged from 0.20 to 0.72. Contrary to expectation, heterospecific (donor) alleles of TRDLs were favored as often as recurrent alleles in both backcrosses, suggesting that positive and negative heterospecific interactions affect introgression rates in this wide interspecific pedigree.
T HE nature of postzygotic reproductive barriers is suppressing recombination and thereby extending the a fundamental question in evolutionary genetics.
effects of linked isolation genes . The More than 60 years after it was proposed that postzygotic sizes of chromosomal segments over which gene flow is barriers may be by-products of genetic differentiation restricted may therefore be determined by the comamong diverging species (Dobzhansky 1937; Muller bined effect of isolation genes and recombination mod-1942), the mechanisms involved in postzygotic isolation ifiers in hybrid genomes . remain unknown for many groups of organisms, includThe prevailing view emerging from studies of postzying most plant species. Two general mechanisms are gotic barriers in plants and animals is that postzygotic thought to underlie postzygotic isolation. Deleterious isolation is caused mostly by extensive negative epistatic interactions between heterospecific genes may lead to interactions in hybrid genomes (Burke and Arnold hybrid sterility and hybrid inviability, while chromo-2001). Simple two-locus incompatibilities such as those somal rearrangements in the parental species may result described by the Dobzhansky-Muller model predict the in abnormal meiotic products in their hybrids with negaestablishment of a postzygotic barrier when a gene from tive effects on hybrid fertility (Burke and Arnold one species interacts negatively within the hybrid ge-2001). Both of these mechanisms have been shown to netic background with a gene from another species reduce gene flow in hybrids of plant species (Rieseberg (Dobzhansky 1937; Muller 1942) . Variations of the et al. 1995; Quillet et al. 1995 ; Fishman and Willis Dobzhansky-Muller model can be used to predict pat-2001), but the relative importance of the two mechaterns of reduced hybrid fitness observed in many differnisms (genic vs. chromosomal incompatibilities) is still ent hybrids of animal species (Turelli and Orr 2000) . questioned (Lynch and Force 2000; .
However, except for a small number of case studies It has been proposed that chromosomal rearrange- (Fishman and Willis 2001; Fishman et al. 2001) , little ments may reduce hybrid fitness in plants primarily by experimental evidence has been obtained to support the importance of simple Dobzhansky-Muller incompatibilities in the reproductive isolation of plant species.
1 tance of complex epistatic interactions in the postzydistortion effect were confounded by recombination between the markers and TRDLs. Maximum-likelihood gotic isolation of plant species. Interestingly, these interactions have not all been deleterious in nature. Burke interval mapping strategies (Fu and Ritland 1994b; Mitchell-Olds 1995; Cheng et al. 1996; found both positive and negative heterospecific interactions in hybrids of iris, and Jiang et al. and O'Malley 2000) have provided more powerful approaches to locate TRDLs and to simultaneously esti- (2000) found that donor chromatin was favored by genetic interactions in some regions of hybrid cotton gemate TRDL effects, but did not accommodate the possibility of multiple, linked TRDLs on a chromosome. nomes. Selection of the same donor chromosome segments in independently generated introgression lines Vogl and Xu (2000) proposed a Bayesian approach to locate multiple segregation distorting loci (SDL) per has also been reported in hybrids of sunflower (Rieseberg et al. 1996) . chromosome using molecular markers in a backcross design, while Harushima et al. (2001) proposed a multiOver the past decade, the increased accessibility and automation of molecular marker systems such as ampliresponse, nonlinear regression method to estimate the map position and intensity of multiple TRDLs per chrofied fragment length polymorphism (AFLP) markers (Vos et al. 1995; Myburg et al. 2001) have allowed the mosome in F 2 intercross designs.
Here we present the results of a comparative, genomeconstruction of nearly complete genetic linkage maps in many plant species (Bert et al. 1999; wide analysis of postzygotic reproductive barriers in a wide interspecific backcross pedigree of two Eucalyptus al. 1999; Lespinasse et al. 2000; Peng et al. 2000; Ramsay et al. 2000; Van Heusden et al. 2000) . In studies where tree species, Eucalyptus grandis (W. Hill ex Maiden.) and E. globulus spp. globulus (Labill.). These two wellgenetic mapping was performed in intra-or interspecific hybrids of plant species, these data were found useful diverged species belong to different sections of the subgenus Symphyomyrtus and are isolated by strong prezyto measure rates of introgression of parental alleles into hybrid genomes (Rieseberg et al. 1995; Jiang et al. 2000) gotic and postzygotic barriers (Griffin et al. 2000) . We previously used AFLP markers to construct comparative and to follow the transmission of these alleles in advanced hybrid generations (Rieseberg et al. 1996) . genetic linkage maps of an F 1 hybrid of E. grandis and Complete genetic maps of hybrid genomes have also E. globulus and of two pure-species parents in a double allowed whole-genome surveys of reproductive barriers "pseudo-backcross" mapping pedigree (Myburg et al. in natural and experimental hybrid populations (Riese-2003) . Our mapping study revealed a large degree of berg et Whitkus 1998; Burow et al. 2001;  colinearity between the genomes of the two species and Fishman et al. Harushima et al. 2001 ). These their F 1 hybrid, suggesting that the high levels of postzystudies demonstrated the relative importance of chrogotic isolation observed in this cross were not the result mosomal and genic factors as barriers to introgression of gross chromosomal rearrangements. However, a in plant species (Rieseberg et al. 1995) , the differential large proportion of AFLP markers exhibited distorted introgression of heterospecific alleles into hybrid gegenotypic ratios in the two backcross families and nomes (Whitkus 1998; Burow et al. 2001) , the relative mapped to defined regions of the parental linkage maps contribution of gametic and zygotic selection to postzy- (Myburg et al. 2003) . This finding suggested the action gotic isolation (Harushima et al. 2001) , and the role of strong genic incompatibilities in the E. grandis ϫ E. of heterospecific gene interactions in the postzygotic globulus backcross pedigree. isolation of plant species (Fishman and Willis 2001;  In this article, we describe the use of the Bayesian Fishman et al. 2001) . approach developed by Vogl and Xu (2000) to characWith the exception of examples such as the Ods hybrid terize genetic factors (TRDLs) that may underlie postzymale sterility gene in Drosophila (Ting et al. 1998) , gotic barriers in the F 1 hybrid of E. grandis and E. globuvery little information is available on the type of genes lus. Our results reveal that positive and negative gene involved in the evolution of reproductive barriers in interactions affect the introgression of parental alleles plants and animals. However, genetic mapping studies into the genomes of E. grandis ϫ E. globulus backcross such as those described above often provide valuable progeny. This study also demonstrates the use of highinformation on the location and effects of isolation throughput AFLP marker analysis to rapidly assess the genes in hybrid genomes. The differential introgression genetic architecture of postzygotic barriers in interspeof alleles at isolation loci usually causes transmission cific pedigrees of outcrossed plant species. ratio distortion (TRD) in linked marker alleles, and this information can be used to estimate the position and effects of transmission ratio distorting loci (TRDLs) in MATERIALS AND METHODS parental and hybrid genomes (Fishman et al. 2001) . (Eldridge et al. 1993) .
was inferred by genotyping the original E. grandis seed parent of the F 1 hybrid (tree G50, Figure 1 ). Since the two linkage High levels of hybrid inviability and hybrid abnormality occur in hybrids of E. grandis and E. globulus (Griffin et al. 2000) , phases in the maps of the F 1 hybrid represent AFLP markers amplified from either the E. grandis or the E. globulus chromowhich is characteristic of other wide interspecific crosses in this genus (Griffin et al. 1988) . These phenomena constitute some of each homologous pair, we were able to infer the species origin of all the testcross markers in the F 1 hybrid. strong postzygotic barriers to hybridization in Eucalyptus (Lopez et al. 2000) . Structural and physiological incompatibiliThis allowed us to determine the rate of transmission of donor (heterospecific) alleles from the F 1 hybrid to backcross progties in pollen tube growth also form important prezygotic isolation barriers in Eucalyptus. In crosses between species in eny throughout all linkage groups. Detection of TRD and candidate TRDL regions: Before different subgenera of Eucalyptus, pollen tube growth is aranalysis of TRD in the maps of the F 1 hybrid, all marker data rested in the upper style, which completely prevents hybridizawere recoded to reflect the presence (1) or absence (0) of the tion. The frequency of this physiological barrier increases with E. globulus marker alleles. The phase of linkage was therefore taxonomic distance between the parental species (Ellis et al.
consistent across all of the linkage groups in the maternal and 1991). A unilateral structural barrier also exists where pollen paternal maps of the F 1 hybrid. This inference was not possible tubes from small-flowered species such as E. grandis cannot for the maps of the pure species parents, because the respecgrow the full length of the styles of large-flowered species such tive grandparents were not available for genotyping. as E. globulus (Gore et al. 1990) . In some cases, controlled
The observed genotypic ratio of each testcross AFLP fragpollination can be used to overcome prezygotic barriers and ment was compared to the expected Mendelian ratio of 1:1. produce interspecific progeny (Harbard et al. 1999 ), but strong Chi-square tests were performed for each of these markers at postzygotic barriers then continue to restrict gene flow. Variathe 0.05 level of significance. tion in the strength of these isolating mechanisms may explain Distorted genotypic ratios of individual markers can arise the different levels of TRD previously observed in interspecific purely by chance through sampling of a finite number of mapping studies in Eucalyptus (Grattapaglia and Sederoff gametes or through linkage to a hybrid fitness factor. The 1994; Verhaegen and Plomion 1996; Marques et al. 1998) .
identification of candidate regions containing hybrid fitness Generation of mapping pedigree: Details of the mapping factors (or TRDLs) therefore necessitates the use of a genomepedigree used in this study are presented elsewhere (Myburg wide significance threshold. However, TRD of marker loci et al. 2003) and are summarized in Figure 1 . An F 1 hybrid linked to viability or sterility factors should be limited by reindividual (BBT01058, Forestal Oriental S.A., Uruguay) was combination to subchromosomal blocks of linked markers. selected for backcrossing from a large F 1 progeny set of E.
A genome-wide significance threshold that is based on the grandis ϫ E. globulus. This F 1 hybrid tree (referred to in this effective number of independent tests should therefore be article as the "F 1 hybrid") was superior to other F 1 progeny in based on the number of independent genomic regions in growth and volume and did not display any of the hybrid each parental linkage map. In this study, the testcross markers abnormalities present in many of its siblings. It also flowered were distributed across 11 linkage groups within each parental early and produced large numbers of flowers. This allowed map. Assuming that each linkage group corresponds to one the crossing of this individual to unrelated E. grandis and E. chromosome (n ϭ 11 in Eucalyptus) and that each chromoglobulus parents to obtain two pseudo-backcross families that some contains at least two independent regions (the average were large enough for genetic mapping purposes. True backlength of linkage groups was 125 cM; Myburg et al. 2003) , crosses to the original parents of the F 1 hybrid were not used, at least 22 independent genomic regions are expected. A because of the possibility of inbreeding depression in these threshold of at least 0.05/22 Ϸ 0.002 would therefore be families. Furthermore, the F 1 hybrid was used as a pollen required to obtain a genome-wide error rate of ␣ ϭ 0.05. parent in the backcross to E. grandis and seed parent in the However, to ensure that regions with weak TRDLs are included backcross to E. globulus to avoid the unilateral crossing barrier and to evaluate epistatic interactions among as many putative between large-and small-flowered eucalypt species (Gore et TRDLs as possible, we applied a threshold of ␣ ϭ 0. 01 and al. 1990) .
recorded all distorted regions with two or more distorted AFLP analysis and linkage map construction: AFLP marker markers. analysis and the construction of framework linkage maps of Mapping and estimation of TRDL effects: The Bayesian the F 1 hybrid tree and the two backcross parents are described Markov chain Monte Carlo (MCMC) method of Vogl and in detail in Myburg et al. (2003) . In brief, we used a highXu (2000) was used for multipoint analysis of TRDLs in the throughput AFLP analysis protocol (Remington et al. 1999;  four testcross marker sets. The model used for TRDL analysis Myburg et al. 2001) to genotype 186 trees of each backcross assumed inbred parents and a backcross design. This model family using 24 EcoRI/MseI (ϩ3/ϩ3) selective AFLP primer is compatible with the two-way pseudo-testcross approach combinations. The AFLP marker data of each backcross were (Grattapaglia and Sederoff 1994) used to analyze the testsubdivided into two testcross (1:1 segregation) data sets and cross marker data in this outbred pedigree. However, it is an intercross (3:1 segregation) data set, according to the twoimportant to note that all three parents were highly heterozyway pseudo-testcross approach proposed for dominant markgous and that up to four different alleles were segregating at ers in outbred pedigrees (Grattapaglia and Sederoff 1994) .
each locus in the backcross families. Allelic effects on hybrid The testcross (1:1) markers segregating in the two parents of fitness at any particular locus were therefore averaged over each backcross were used to construct four framework linkage the allelic effects of the other parent. maps. A paternal linkage map of the F 1 hybrid and maternal
For the MCMC procedure (described in detail in Vogl and linkage map of the E. grandis backcross parent were conXu 2000), we set a Poisson prior mean of one and a maximum structed in the E. grandis backcross family, while a maternal of six TRDLs per linkage group. An error term of 2% was linkage map of the F 1 hybrid and a paternal linkage map of included in the model to account for possible scoring error the E. globulus backcross parent were constructed with data in the marker data. The chain length was set to 3500 and every of the E. globulus backcross family. All four maps were aligned tenth cycle was recorded. This chain length was sufficiently using testcross markers shared between the two maps of the accurate as determined by trial runs with longer chain lengths F 1 hybrid and intercross markers shared between the maps of (data not shown). The number of TRDLs, TRDL positions, the F 1 hybrid and that of the backcross parents.
and TRDL effects reported for each linkage group were treated as samples from the joint posterior distribution. The species origin of markers in the maps of the F 1 hybrid 
different combinations of E. grandis mother trees and
We also tested for interaction between distorted loci in the E. globulus pollen mixes, which suggested that variation two parental maps of each backcross. Only unlinked marker in hybrid combining ability existed within both species pairs were considered in the tests for epistasis. An experi- (Griffin et al. 2000) .
mentwise significance threshold was set to account for the number of pairwise tests performed in each backcross family.
F 1 hybrid individual (BBT01058) was cross-fertile with
We evaluated the overall fitness effect of epistatic interacboth backcross parents, but the germination rate of the tions among all putative TRDLs in each backcross family using pure species as would be expected if major chromo-
, a model with a quadratic term to represent all possible pairwise interactions. In the absence of interaction somal incompatibilities existed (Myburg et al. 2003) .
between the TRDLs, a simple linear relationship is expected, A total of 704 testcross markers segregating in the while considerable negative interactions among TRDLs should E. globulus backcross family and 650 in the E. grandis result in a significant negative coefficient for the interaction backcross family were evaluated for TRD (Table 1) . Apterm in the quadratic regression model (Remington and proximately 27 and 30% of testcross markers were dis-
torted at the 0.05 level of significance in the E. globulus and E. grandis backcross families, respectively. At the RESULTS 0.002 level of significance (approximate genome-wide ␣ of 0.05), ‫%31ف‬ of the testcross markers in each backLow fitness of E. grandis ϫ E. globulus hybrids: The cross family were significantly distorted. More testcross F 1 hybrid (tree BBT01058, Figure 1 ) selected for backmarkers were distorted than could be explained by crossing was a rare superior individual in a large F 1 chance at both levels of significance. polymix progeny set. A total of 45 polymix families were Distribution of TRD in the comparative maps: The produced by controlled pollination of selected E. grandis distribution of TRD in the comparative framework maps mother trees with two 10-tree pollen mixes of E. globulus of the F 1 hybrid and the two backcross parents is shown parents. Only 4.4% of F 1 seed germinated and many weak and abnormal phenotypes were observed at the in Figures 2 and 3 . For the purpose of discussion, linkage Table 2 ). The value to the right of each distorted region shows the maximum percentage of deviation from a 1:1 genotypic ratio observed in that region. In the maps of the F 1 hybrid, the species origin of the favored marker allele is shown for each distorted region. The positions of shared testcross and intercross markers in the four framework AFLP maps are indicated with gray dotted lines and dotted arrows, respectively. Solid arrows and heavy dashed arrows indicate the positions of markers that segregated in both backcrosses in testcross/intercross or intercross/intercross configuration. Marker names and linkage phase details are reported elsewhere (Myburg et al. 2003) .
groups of the maternal and paternal linkage maps of torted with respect to linkage phase ( Figure 3 ). These regions were all distorted with P values Ͻ0.01 and they the F 1 hybrid are indicated below by "m" and "p," while linkage groups of the E. grandis and E. globulus backcross were therefore recorded as candidate regions for TRDL analysis (Table 2) . Although this pattern of TRD could parents are indicated by "gr" and "gl," respectively.
Regions of the parental maps that contained two or have resulted from sampling bias in some regions, it is also possible that these regions contained weak hybrid more distorted markers were all unidirectionally dis- fitness factors. The distortion of the same genomic re-(E. grandis) alleles were favored on LG1p, LG2p, and
LG3p. In the maternal map of the F 1 hybrid, three of gions in different genetic backgrounds (e.g., LG2, LG3, and LG6; Figure 2 ) provided additional evidence for the six distorted regions (LG1m, LG7m, and LG8m) were biased in favor of donor (E. grandis) alleles (Figure 3 ). the presence of TRDLs in these regions. We excluded individually distorted markers at the ends of linkage Multipoint comparative mapping of TRDLs: The Bayesian MCMC method of Vogl and Xu (2000) progroups, especially where the direction of allelic bias was opposite to that of neighboring markers (e.g., LG8gl
vided an efficient approach to estimate the positions and effects of putative TRDLs in distorted map regions and LG7p, Figure 3 ), due to the less stringent criteria associated with the placement of framework markers at (Table 2) . It also allowed us to model random sources of distortion such as marker scoring error. The posterior terminal positions of linkage groups.
In all of the distorted map regions, TRD was highly distribution of TRDL positions and effects (Table 2) , sampled through 3500 iterations of the MCMC procedirectional with respect to allelic origin. In some cases (e.g., LG6gl, LG11m, LG1p, LG3gr, and LG11gr) direcdure, provided estimates of the location and strength of TRDLs in the four linkage maps. In most cases, the tional distortion extended over almost the full length of the linkage group, while in other cases (e.g., LG2m, distribution of posterior data points corresponded well with the magnitude and peaks of TRD in the raw marker LG2p, LG8m, LG8p, and LG10gr), it was restricted to a smaller region of the linkage group (Figure 3) . Generdata ( Figure 3) . The posterior probability of TRDLs in each distorted ally, marker loci that were not distorted at the 0.05 level of significance exhibited random fluctuation in map region was estimated by the frequency of TRDL detection in the map region during MCMC iterations the direction of deviation from a 1:1 segregation ratio (e.g., LG10gl, Figure 3) .
(Vogl and Xu 2000). The posterior probabilities of TRDLs calculated in this way ranged from 0.11 to 1.0 The most severely biased map region (LG6p and LG6m, Figure 3 ) exhibited TRD in both backcrosses. A (Table 2) . Map regions that were distorted at P Ͻ 0.0001 contained TRDLs with posterior probabilities of Ͼ90% marked excess of E. globulus marker alleles occurred in this region of the F 1 genome in both backcross families.
( Table 2 ). This provided an empirical genome-wide significance threshold for our data set. The five TRDLs Up to 80.6% of individuals in the E. globulus backcross and 94.2% of individuals in the E. grandis backcross with posterior probabilities of Ͻ0.5 (Table 2) are more likely to be the result of spurious TRD than the action carried E. globulus alleles in this region of LG6 (Table 2) .
The ability to infer the species identity of the linkage of a TRDL. No TRDL (posterior probability Ͻ1%) was detected in the distorted region on LG11gr. This may phases of the maps of the F 1 hybrid allowed us to distinguish between donor (heterospecific) and recurrent be due to the low magnitude of distortion in this linkage group and the absence of a clearly defined peak in (conspecific) alleles in both genetic backgrounds. On the basis of this inference, we found that donor alleles distortion (Figure 3) . The posterior means of TRDL effects ranged from inherited via the F 1 hybrid were favored at approximately the same frequency as recurrent alleles in the 8.2 to 33.4% in the genomes of the three parents (Table  2) . This corresponded to an excess or deficiency in two backcrosses. For example, in the paternal map of the F 1 hybrid donor (E. globulus) alleles were in excess individual TRDL alleles of 16.4-66.8%. In a backcross design, where allelic frequencies equal genotypic freon LG5p, LG6p, LG8p, and LG9p, while recurrent Postzygotic Isolation in Eucalyptus Horizontal dotted lines show the critical value (6.64) of the chi-square statistic at the 0.01 level of significance. The gray vertical bars represent the direction and percentage of distortion, i.e., (allele frequency Ϫ 0.5) ϫ 100%, at the marker locus (secondary y-axis). Phase assignment in the pure species maps is arbitrary from one linkage group to another.
However, in the maps of the F 1 hybrid, marker data were recoded so that the direction of distortion represents that of the E. globulus allele at all marker loci. Solid arrows indicate the positions and average effects (indicated) of TRDLs estimated by the Bayesian MCMC procedure. Note that intermarker distances are not shown proportionally. a Two-locus genotype of the genotypic classes that contained fewer than expected individuals. The species origin of alleles at loci in the maps of the F 1 hybrid is indicated by "gl" for E. globulus and "gr" for E. grandis. Alleles in the maps of the backcross parents are denoted "c" for markers in coupling and "r" for markers in repulsion to the band present class.
quencies, TRDL effects can also be expressed as the markers on LG7m and LG11m, was significant (P ϭ 0.0007) at the experimentwise significance level (Table relative viability (t) of gametes or zygotes with alternative genotypes and 0 Ͻ t Ͻ 1 (Cheng et al. 1998 ). On the 3). The frequency of E. globulus backcross progeny with the E. grandis donor allele at both marker loci, AAA/ basis of this method, the relative viabilities of gametes or zygotes with alternative TRDL alleles ranged from 0.20 CGA-114 on LG7m and ACG/CCA-271 on LG11m, was 30% lower than expected, while 23.6% fewer than exto 0.72 (Table 2) .
The maximum number of TRDLs inferred on a single pected individuals carried E. globulus alleles at both loci. We also tested the cumulative fitness effect of interaclinkage group was three (for LG6p). Two separate TRDLs were inferred on LG6p at 93 and 166 cM with tions among TRDLs segregating in each backcross family, using a modified version of the method of Fu and mean effects of 23.3 and 33.4%, respectively (Table 2) . These TRDLs accounted for the severely distorted reRitland (1996). The frequency distribution of the observed number of individuals (n i ) with i out of m possible gion at the lower end of this linkage group. A third TRDL of opposite effect was inferred at 51 cM. This negative TRDL alleles ( Figure 4A ) showed that the majority of genotyped individuals of the E. grandis and E. TRDL may account for the abrupt change in the magnitude of distortion in the middle of LG6p. A more gradglobulus backcross families carried a combination of two, three, or four negative TRDL alleles. Only 2% of individual change in distortion and more defined peak in distortion were observed in LG6m. A single TRDL with a uals in each backcross family had the favored allele at all TRDLs. In both backcrosses, the linear regression mean effect of 28% was inferred in this linkage group (at 92 cM). The only TRDL detected in the map of the model provided very good fits with the observed data (model P Ͻ 0.0001, R 2 Ͼ 0.96; Figure 4B ). Furthermore, E. globulus backcross parent was located at a similar position (96 cM) on LG6gl (Figure 3) . the coefficient of the quadratic term was not significant in either backcross family (P ϭ 0.55 and 0.46 in the Apparent homologous TRDLs were also detected on four other syntenic linkage groups.
LG1m and LG1p
E. globulus and E. grandis backcross families, respectively), suggesting that the overall fitness effect of deletewere both biased in favor of E. grandis alleles ( Figure  3) . The same region of LG2m and LG2p contained an rious epistatic interactions among TRDLs was very small. excess of alleles of the respective recurrent parents. Similar regions of LG8m and LG8p were distorted and DISCUSSION in both cases the TRDL allele of the respective donor parent was favored (Figure 3) . Finally, putative TRDLs
Comparative genetic maps of F 1 hybrids and their parental species can be used as powerful tools to study were detected on LG3p and LG3gr in the two parental postzygotic reproductive barriers in plant species (Riesemaps of the E. grandis backcross family.
berg et al. 2000) . These maps contain information on Epistatic interactions among TRDLs: Contingency the genomic composition and relative viability of a wide tests for interaction between TRDLs revealed one interarray of F 2 hybrid genotypes produced when the two action in the E. globulus backcross and two interactions parental genomes are recombined in the F 1 hybrid. We in the E. grandis backcross at the 0.05 level of significance have constructed the first detailed genetic linkage maps (Table 3) . Only one interaction, that between distorted on the F 2 zygotes produced after fusion of these gametes. The fertilization ability of F 1 gametes and viability of F 2 zygotes may in turn be affected by genic incompatibilities between the genomes of E. grandis and E. globulus or by chromosomal rearrangements that result in abnormal meiotic products in the F 1 hybrid. The relative contribution of these two sources of hybrid incompatibility to postzygotic isolation of E. grandis and E. globulus is unknown and constitutes an important question addressed in this study.
The results of our comparative mapping effort (Figure 2 and Myburg et al. 2003) generally support genic incompatibilities rather than chromosomal rearrangements as the major mechanism underlying postzygotic isolation of E. grandis and E. globulus. We did not detect any gross chromosomal rearrangements among the genomes of E. grandis, E. globulus, and their F 1 hybrid in the comparative AFLP marker maps of this pedigree. Furthermore, the directional pattern of TRD observed in the parental maps (Figure 3 ) was consistent with the presence of genic factors (TRDLs) altering the transmission ratio of linked marker alleles. This result is in agreement with recent evidence that supports the importance of genic incompatibilities in other hybrid plant genomes surveyed by molecular marker analysis (Fishman and Willis 2001; Harushima et al. 2001 ). It does not, however, rule out the possibility that smaller rearrangements, not detected by dominant AFLP marker analysis in our comparative mapping study, also contribute to postzygotic isolation of E. grandis and E. globulus.
Before interpreting the patterns of TRD observed in this study, it is important to be aware of potential nongenetic sources of TRD. These include sampling bias, reduced marker penetrance, comigration of DNA fragments during electrophoresis, and scoring error. Except for sampling bias, which affects groups of linked 
al. 2001)
, which is well below the magnitude of error required to result in significant TRD in this mapping pedigree. of a wide interspecific hybrid of two Eucalyptus tree species (Myburg et al. 2003) and used this information It is also important to be aware of the limitations of our experimental design for inferring the genetic to perform a whole-genome analysis of postzygotic barriers between E. grandis and E. globulus.
mechanisms (e.g., gametic vs. zygotic selection) underlying the reproductive barriers (TRDLs) observed in this Genetic architecture of postzygotic barriers between E. grandis and E. globulus: Postzygotic barriers between study. The unidirectional crossing barrier between E. grandis and E. globulus prevented the construction of E. grandis and E. globulus manifest in this interspecific backcross mapping pedigree as regions of TRD in the reciprocal backcrosses. The fertilization ability of the paternal and maternal gametes of the F 1 hybrid were genetic maps of the F 1 hybrid and the two backcross parents. Allelic transmission ratios in these three trees consequently evaluated in two different hybrid genetic backgrounds, which precluded us from directly discrimimay be altered from an expected 1:1 ratio (for testcross AFLPs) by selection on their gametes or by selection nating between sex-specific gametophyte selection and zygotic selection in backcross progeny. The use of domiPollen tube growth characteristics may be a source nant AFLP markers and a backcross design also preof very strong gametic selection in this study. Genes that vented us from distinguishing between these two sources determine differences in pollen tube growth, a strong of TRD. This issue can be addressed in the future by unilateral crossing barrier between these two species, using codominant microsatellite markers and an outshould segregate in the F 1 hybrid and may cause severe crossing mapping model. A genome-wide set of highly TRD in the paternal map. E. globulus alleles of these informative microsatellite markers is currently under genes may confer a selective advantage to their gametes development in Eucalyptus and will be extremely useful due to the fact that pollen tubes of E. globulus grow farfor comparative analysis of postzygotic isolation barriers ther and faster than those of the small-flowered E. grandis. (Brondani et al. 2002) . Despite these limitations, the Four TRDLs in the paternal map (LG5p, -6p, -8p, and use of high-throughput AFLP marker analysis and the -9p; Figure 3 ) were distorted in favor of E. globulus alleles. pseudo-backcross design did allow us to rapidly achieve However, only the TRDLs on LG5p and LG9p were high marker coverage of the genomes of the F 1 hybrid unique to the paternal map and fit the predicted pattern and the backcross parents, align these maps through of male-specific gametophyte selection. shared marker polymorphisms, and perform comparaOne of the most remarkable results of our study is tive, genome-wide scans for postzygotic reproductive the extent to which donor alleles in the F 1 hybrid were barriers in the three genomes studied here. favored in the two backcross families. Selection against To interpret the patterns of TRD observed in the F 1 donor alleles in the "recurrent" genetic backgrounds hybrid, it is useful to consider (a) whether a map region (e.g., LG2m and LG2p, Figure 3 ) was expected to be was distorted in both backcrosses (LGs 1, 2, 6, and 8) the dominant force shaping the genomic composition or in only one backcross (LG3p, LG5p, LG7m, LG9p, of E. grandis ϫ E. globulus backcross progeny. However, and LG11m), (b) whether the distortion was in the same we found that four out of seven distorted regions in the direction (LGs 1 and 6) or different directions (LGs 2 paternal map of the F 1 hybrid were biased toward the and 8) in the two backcrosses, and (c) whether the donor parent (E. globulus) in the backcross to E. grandis, same region was also distorted in either of the backcross while three of the six distorted regions in the maternal parents (LG3p or LG6m). These categories of TRDLs map of the F 1 hybrid were biased in favor of the donor have to be matched to the patterns of segregation exparent (E. grandis) in the backcross to E. globulus ( Figure  pected for different selective mechanisms. For example, 3). Selection for donor genetic material has also been genetic factors that caused differential fertility of F 1 hyreported in hybrids of other plant species such as iris brid pollen should segregate in the paternal map of the (Burke et al. 1998 ), cotton (Wang et al. 1995 Jiang et F 1 hybrid (e.g., LG3p, LG5p, and LG9p; Figure 3 ), while al. 2000), and sunflower (Rieseberg et al. 1996) . Riesefactors that affected the fertilization of F 1 hybrid ovules berg et al. (2000, p. 211 ) postulated that donor alleles should segregate in the maternal map (e.g., LG7m and favored in hybrid genetic backgrounds might represent LG11m, Figure 3 ). Both types of gametic factors may examples of "selfish" genes, i.e., "genes that enhance exhibit interactions with loci in the backcross parent the success of gametes they inhabit even if they pose a maps, if these loci affect interspecific gamete compatisignificant fitness cost during the diploid phase of the bility and they are heterozygous in both parents. In life cycle." However, this phenomenon may also be excontrast, genetic factors that influenced the viability of plained by the alleviation of genetic load by donor al-F 2 zygotes, the germination rate of backcross seed, or leles in the recurrent genetic backgrounds. Forest tree early seedling survival may segregate in any of the parenspecies carry high amounts of genetic load (Hardner tal maps. These factors may also be part of heterospecific and Potts 1997; Remington and O'Malley 2000) and interactions between E. grandis and E. globulus genes in it may not be unexpected to find that donor alleles the F 1 hybrid or "donor-recurrent" interactions between confer increased fitness in hybrids of tree species. If factors in the F 1 hybrid and the backcross parents.
these are indeed examples of genetic load exposed by Clearly, some of the categories of TRDLs described the introgression of donor alleles, genetic mapping above can be associated with more than one selective studies in other crosses of E. grandis and E. globulus mechanism, depending on the mode of action and hetshould reveal whether these loci are fixed in E. grandis erozygosity of the loci involved. For example, TRDLs and E. globulus. with fitness effects in only one of the two backcrosses It is not clear how many of the reproductive barriers (e.g., LG7m, LG11m, LG5p, and LG9p; Figure 3 ) may in the F 1 hybrid represent fixed genetic differences that indicate male-or female-specific selection of F 1 gametes have accumulated between the genomes of E. grandis or may result from background-specific selection of and E. globulus. Fixed hybrid fitness loci should all be TRDL alleles in F 2 zygotes. It is also possible that some heterozygous in the F 1 hybrid, segregate in both backof the TRDLs detected in the same regions of the patercrosses, and exhibit a deficiency of the respective donor nal and maternal maps of the F 1 hybrid (e.g., LG1, LG2, alleles in at least one of the two backcrosses (consistent LG6, and LG8) represent nonhomologous genetic factors segregating in a background-specific manner.
with the Dobzhansky-Muller model of negative hetero-specific interactions). Only one genomic region in the Implications for natural and artificial hybridization in Eucalyptus: Viable, fertile F 1 progeny of E. grandis F 1 hybrid (LG2m and LG2p, Figure 3 ) exhibited a deficiency of donor alleles in both backcrosses. Three other and E. globulus are completely absent in nature and very rare in artificial crosses. Even after prezygotic barriers regions (LG1p, LG3p, and LG11m; Figure 3 ) were deficient in donor alleles in only one of the two backcrosses, between E. grandis ϫ E. globulus crosses are overcome by artificial hybridization, Ͻ0.2% of F 1 hybrids are suffiwhich may indicate background specificity of the incompatible interactions or that these loci are not fixed beciently viable and vigorous to produce offspring (Griffin et al. 2000) . The F 1 hybrid individual selected here tween E. grandis and E. globulus. The two regions that were distorted in the F 1 hybrid and the respective backfor backcrossing (tree BBT01058, Figure 1 ) was an exceptionally vigorous and fertile member of this elite cross parent (LG6m-LG6gl and LG3p-LG3gr, Figure 3 ) may represent hybrid fitness loci that are segregating group of F 1 individuals. The two gametes that make up its genome consequently represent a rare combination in one of the two species and fixed in the other. Loci that affect hybrid fitness may indeed segregate within of E. grandis and E. globulus alleles that was apparently free of severe hybrid incompatibilities and allowed the the two species, providing that they do not have serious fitness effects within the parental species (Orr and Turexpression of hybrid vigor in this individual. However, recombination of these same E. grandis and E. globulus elli 2001).
We found only one TRDL interaction that was indicahomologs in the F 1 hybrid and segregation of the recombinant gametes in the two backcross families produced tive of a simple Dobzhansky-Muller incompatibility between a recurrent allele in the backcross parent and a many new incompatible allele combinations as revealed by the high levels of TRD observed in the maps of the donor allele in the F 1 hybrid. In the E. grandis backcross family, the frequency of individuals with the E. globulus F 1 hybrid. Our results indicate that these novel incompatibilities expressed in the second hybrid generation donor allele on LG1p and one of the TRDL alleles on
LG10gr was 45% lower than expected (P ϭ 0.0048, may play an important role in restricting gene flow between well-diverged eucalypt species even when suc- Table 3 ). Such interactions can of course be detected only if the loci in the F 1 hybrid and the backcross parent cessful F 1 individuals are produced. Marker analysis of F 3 hybrid progeny in this same pedigree will reveal are both heterozygous. If not, only one of the two interacting loci (most likely that in the F 1 hybrid) will be whether the reproductive barriers identified here continue to shape the genomes of advanced-generation hydetected by TRD analysis, which may explain the presence of the recurrent-biased TRDLs on LG3p and brids of E. grandis and E. globulus. Wu (2001) proposed a genic model of speciation in LG11m that showed no deleterious interactions with loci in the respective backcross parents.
which four stages of differentiation can be distinguished. These four stages are defined by the proporFinally, our evaluation of the overall fitness effect of two-locus epistatic interactions among TRDLs using the tion of the diverging genomes in which gene flow occurs upon secondary contact (Wu 2001, Figure 1 ). Although regression method of Fu and Ritland (1996) suggested that negative interactions among TRDLs contributed E. grandis and E. globulus clearly represent species with near-complete reproductive isolation in nature (stage little overall to reduced hybrid fitness in the two backcross families (Figure 4 ). This finding is in contrast with IV differentiation), it is interesting to note that it was possible to generate artificial F 1 hybrids that allowed that of other studies in plants that have documented extensive negative epistatic interactions in hybrid gegene flow in a substantial proportion of their genomes (stage II-III differentiation). A large part of the F 1 hynetic backgrounds (Rieseberg et al. 1996; Burke et al. 1998; Jiang et al. 2000) . Our inability to detect even brid genome was not affected by TRD and several regions were in fact strongly biased in favor of donor moderate numbers of epistatic interactions in the two backcross families may be due to the limitations of our alleles (Figure 3 ). This result is not consistent with the view that well-diverged genomes act as cohesive units experimental design as discussed above (use of dominant markers in a backcross design and relatively small that resist the introgression of all donor genetic material (Wu 2001). However, the question remains whether the population size). The experimentwise significant interaction that we were able to detect in the E. globulus postzygotic barriers observed in this hybrid pedigree would be permeable enough to allow gene flow in natubackcross family (LG7m and LG11m, Table 3 ) provided some evidence for the presence of negative epistatic ral stands, even in the presence of strong selection for donor genetic material. It is also not clear whether the interactions in this interspecific pedigree. It also provided another example of increased hybrid fitness conselective advantage of these donor alleles will persist in advanced hybrid generations. The magnitude and ferred by the combination of a donor allele on one chromosome (LG7m) and a recurrent allele on another number of reproductive barriers observed in this successful F 1 hybrid genome most likely represent lower (LG11m), a common theme emerging from this study. We did not test for higher-order TRDL interactions due estimates of those in "average" E. grandis ϫ E. globulus hybrids. to the relatively low power to detect such interactions in the backcross families (n ϭ 186).
Knowledge of the genetic basis of prezygotic and post-and natural selection in Louisiana Iris hybrids. Evolution 52:
zygotic hybridization barriers in Eucalyptus is a prereq- 1304-1310. uisite for the development of effective strategies for complexity of postzygotic barriers observed in this study 1701-1716. suggests that very large natural and experimental popu- patibility.
